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ABSTRACT 

We present high-resolution, high-sensitivity radio continuum observations of the nearby spiral 
galaxy NGC 2997 at 332, 616 and 1272 MHz using the Giant Metrewave Radio Telescope 
(GMRT). The integrated spectrum of this galaxy has a spectral index of —0.92 (S^, oc ly") 
and we place an upper limit to the thermal fraction at 1272 MHz of ~ 10 per cent. Our 
multi-frequency study shows a relatively flat spectrum source (a ^ —0.6) at the centre 
of the galaxy. This leads to radio detection of a circumnuclear ring in the high resolution 
map at 1272 MHz. We detect five hotspots in the ring, with average star formation rate of 
~ 0.024 Mq yr-\ a median SN rate of - 0.001 yr'^ and luminosity of lO^o W Hz^i. We 
estimate an equipartition field in the central nuclear region of diameter 750 pc to be about 
30 fiG. We also report several interesting features along the spiral arms. In this paper, we 
present the low frequency radio continuum maps, the spectral index distribution, the circum- 
nuclear ring and the derived physical properties. 

Key words: galaxies: individual: NGC 2997- radio continuum: galaxies - galaxies: nuclei - 
galaxies: statistics 



1 INTRODUCTION 

NGC 2997 is an interesting grand design spiral ga laxy of 
type S AB(rs)c located in the loose gal axy group LGG 180 (Garcial 
Il993h . The disc inclination is ~ 40° jMilliard & Marcelinlll98lh 
and the southern part of the disc is closer to us jPetersorJ 19781) . We 
assume a distance of 13.8 Mpc jTullyl 19881) to NGC 2997 and note 
that 1 arc-min coiTesponds to a linear scale of ~ 4.0 kpc. Basic data 
on NGC 2997 are listed in Tabled 

The photometric and morphological analysis of this galaxy 
shows the presence of a norm al nucleus surrou nded by several HII 
regions known as 'hotspots' ('Pastoriza"l 975h . Furthe r investiga- 
tions in optical iMeaburn & Terrett 1982), ultrav iolet dMaoz et al] 
Il996h and near-infrared dElmegreen et all[l999h have detected a 
circumnuclear star-forming ring in NGC 2997. The study of such 
a ring is significant in terms of understanding gas transport to the 
inner regions of the galaxy and its association with any possible nu- 
clear activity. NGC 2997 also shows several bright knots of emis- 
sion along its arms. These k nots are young star cl usters with typical 
masses of ~ 5 x 10'' Mq tarosb0l et"al]|2006l) . This galaxy also 
hosts two giant HII regions which s how supersonic ve locity disper- 
sion caused by an intense starburst Jpirpo et al1l2005l) . The galaxy 
which is part of the HI brightest galaxy catalogue of the southern 
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sky derived from HIPASS has an HI mass of ~ 4.2 X lO'^ M q and 
half power line width of 254 km jKoribalski et alj2004h . 

NGC 2997 has be en extensively stu died in radio wavelength s 
shorter than 20 cm bv lHanetalJ j 19991) and lMen&Hai] | |2005|) . 
To the best of our knowledge, this galaxy has not been studied at 
longer wavelengths (A > 20 cm). Since the non-thermal spectrum 
of synchrotron radiation is dominant at low frequencies, the GMRT 
observations at metre- wavelengths with high angular resolution and 
high sensitivity can reveal many significant features of NGC 2997 
due to its moderate inclination such as smooth synchrotron emis- 
sion from the disc, morphological structure of spiral arms, nucleus 
and compact HII regions. The spectral index distribution study of 
NGC 2997 could be useful for identification of giant HII regions. 

The low radio frequency spectram of the galaxy is important 
in obtaining the non-thermal spectral index of the galaxy which 
can then be used to separate the thermal and non-thermal contri- 
butions to the observed spectrum. Moreover, the non-thermal lumi- 
nosities at low frequencies can be used to estimate the supernovae 
rate (yr^^), average star formation rate (Mq yr"'^), production rate 
of the Lyman continuum photons (s^^) etc for the galaxy. 

In this paper, we p resent radio continuum observation of NGC 
2997 using the GMRT jAnanthakrishnaij2005l : [SwaruD et al.ll99lh 
at 332, 616 and 1272 MHz. Section 2 describes the observations 
and the data reduction procedure. Section 3 presents the total inten- 
sity maps and the moiphological details of radio continuum fea- 
tures of NGC 2997. In section 4, we discuss the total emission 



2 J. Kodilkar, N. G. Kantharia, S. Ananthakrishnan 



Table 1. Basic data on NGC 2997+ 



Optical center (J2000) 

Morpliological type-f 

Major diameter (arcmin) 

Minor diameter (arcmin) 

Distance {Hq = 75kms~^ Mpc~^) 

Magnitude (Visual) 

Inclination angle (deg.) 

Heliocentric radial velocity (kms~^) 



09h45m38.8s-31dll'28" 
SAB(rs)c 
8.9 
6.8 
13.8 Mpc 
10.06 
40 
1088 ± 2 



-31 B8 



fReference : NASA/IPAC Ex tragalactic Database (NED) 
Jde Vaucouleurs et ai]jl99ll) 



spectrum of the galaxy, the spectral index map derived between 
1272 and 332 MHz and the circumnuclear ring. The last section 
summarizes the paper. 



2 OBSERVATIONS AND DATA REDUCTION 

We had a total of three observing sessions on NGC 2997 us- 
ing the GMRT synthesis array at each of the three frequency bands 
332, 616 and 1272 MHz respectively. Observing sessions were 
conducted in the period from 2003 to 2004 using the standard spec- 
tral line mode of the GMRT digital correlator which gives visibility 
data of 16 MHz bandwidth across 128 channels for two polarisa- 
tions. The observational parameters are summarized in Table|2] The 
raw visibility data were converted to FITS and analysed using stan- 
dard AIP^l 

The VLA flux density calibrators, 3C147 and 3C286 were 
used as flux density reference to scale the flux densities of phase 
calibrators and the target source. To correct the ionospheric and in- 
strumental gain variations, phase calibrator 0837-198 was observed 
for 6 min during every 25 min of observation of the target source. 
The flux density values of phase calibrators obtained using the task 
GETJY are given in Table |2] The flux density calibrators were also 
used for bandpass calibration. To avoid bandwidth smearing effect, 
the band-pass calibrated data at 616 and 1272 MHz band were col- 
lapsed to five channels each of ~2.75 MHz bandwidth by averag- 
ing every 22 channels. At 332 MHz, ten channels each of ~1.25 
MHz bandwidth formed from RFI free band by averaging every 
10 channels. The expected error bars in flux density scale for the 
GMRT observations are < 10 per cent. 

First, a low resolution map of ^ 45 arcsec was made using 
'uvtaper' at each observing frequency and the entire primary beam 
was imaged. We also used varying tapers to generate maps of dif- 
ferent angular resolution which can be compared at the different 
frequencies. There were two to three strong point sources near 
the edge of primary beam at each frequency with peak flux ten 
to twelve times stronger than the peak flux on the object. These 
sources were removed using the task UVSUB. 

Wide field imaging was used at 616 and 332 MHz. The num- 
ber of facets used for imaging NGC 2997 at 616 and 332 MHz 
were 13 and 22 respectively (obtained using SETFC task in AIPS). 
No self calibration was done at 1272 MHz. At other frequencies, 
the visibility data sets were first phase self-calibrated using only 
strong point sources near or within the inner quarter of the primary 
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Figure 2. shows the GMRT 1272 MHz radio contour map of NGC 2997 
with a beamsize of 45 arcs ec overlaid on the NVSS 1400 MHz grey scale 
image )CondonetalJl998l) . The disc extent and morphology of the GMRT 
low resolution map is similar' to the NVSS image indicating that the GMRT 
map is sensitive to large scales. The rms cr is 0.6 mjy per beam area, con- 
tours starting from 3 cr level and scaled by factor \/2. 



field. After two to three iterations of phase self-calibration using 
only point sources, the source model obtained by cleaning up to the 
rms noise level of the map was included in self-calibration. At 332 
and 616 MHz, it took about four to six iterations to get good con- 
vergence of self-calibration resulting in improved dynamic range 
maps. All facets were combined and primary beam correction ap- 
plied using the FLATN task to produce a map at each observing 
frequency. 



3 OBSERVATIONAL RESULTS 

3.1 Total intensity maps 

We made total intensity maps of the object with angular res- 
olution ranging from 45 to 3 arcsec. Whenever possible, the total 
intensity maps at different observing frequencies were made with a 
similar angular resolution by using the uv-tapering function in the 
task 'IMAGR'. Fig[T] shows the total intensity maps of NGC 2997 
at 1272, 616 and 332 MHz at a resolution of 15 arcsec overlaid 
on the optical Digitized Sky Survey image. The uv-tapering and 
weighting functions used while mapping the object are given in 
Tabled 

The multifrequency total intensity GMRT maps in Fig. [T] 
show about six common radio continuum features of NGC 2997. 
These discrete features are labelled by numbered tags in Fig[TJi. 
In Table |4l we summarize their positions, size, observed flux 
densities, etc. The peak positions of the discrete features listed 
in Table |4] match within median errors of ARA ~ ±0.22° and 
ADEC ^ ±2 arcsec. The summary of radio continuum emission 
features seen in NGC 2997 is as follows : 

(1) The radio disc in the GMRT low-resolution images has an 
extent of ~ 6.5' by 8' which is comparable to the optical extent. 
The extent of radio emission in the low resolution map at 1272 
MHz is comparable to the NVSS grey-scale image jCondon et al.l 
Il998h as shown in Figl2] 



GMRT observations ofNGC 2997 

Figure 1. The total intensity maps of NGC 2997 witli a resolution of 15 arcsec at 1272, 616, and 332 MHz. 
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Fig. [T^ : The 1272 MHz radio contour map super- 
imposed on the optical Digitized Sky Survey image. 
The six discrete radio continuum features detected at 
three wavebands are labelled with numbers. The peak 
brightness is 2 1 m Jy beam" ^ . The rms ct is 0.3 mjy 
per beam area, the beam is depicted at the bottom left 
comer. The contours are at ( -3, 3, 5, 7, 9, 11, 15, 20, 
25, 30, 40, 50, 60, 70 ) x cr 



Fig.[T}) : The 616 MHz radio contour map overlaid 
on the DSS optical image. The radio peak position of 
the nucleus is marked as a plus sign. The peak bright- 
ness is 28.4 m Jy beam" ^ . The iTns a is 0.6 mJy per 
beam area, the beam size is depicted at the bottom left 
comer. Contours : ( -3, 3, 5, 7, 9, 11, 15, 20, 25, 30, 
40) X o- 



Fig.Qt : The 332 MHz radio contour map overlaid on 
the DSS optical image. The radio peak position of the 
nucleus is marked as a plus sign. The peak brightness 
is 40.9 mJy beam~^ . The rms cr is 1 mJy per beam 
area, the beam size is shown at the BLC. Contours : ( 
-3, 3,5,7, 9, 11, 15,20, 25, 30,40) x a. 
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Table 2. Observation table 





Observing band (MHz) 


332 


616 


1272 


1. 


Date 


2004 Feb 24 


2003 Jan 21 


2003 Aug 16 


2. 


Correlator used (USB/LSB)" 


USB 


USB 


LSB 


3. 


On source time(Hrs.)'' 


5 


4 


3 


4. 


Receiver bandwidth (MHz) 


16 


16 


16 


5. 


No. of working antennas'^ 


27 


24 


28 


6. 


Shortest spacing(kA) 


0.06 


0.120 


0.250 






~ 55 m 


~ 60 m 


~ 58 m 


7. 


Longest spacing(kA) 


27 


40 


101 






~ 251tm 


~ 201i;m 


~ 24 km 


8. 


Largest visible structure'' 


~19' 


-12' 


~8' 


9. 


Flux density calibrator(s) 


3C147,3C286 


3C147,3C286 


3C147,3C286 




Flux density in Jy 


52.69,25.96 


38.26,21.07 


23.69,15.48 


10. 


Phase calibrator(s) 


0837-198,0902-142 


0837-198 


0837-198 




Flux density in Jy ^ 


13.3 ±0.4, 4.3 ±0.1 


8.7 ± 0.08 


4.6 ±0.1 



a. USB-Upper side band, LSB-Lower side band. b. Total observation time on the object before editing, c. Maximum number 
of antenna operational at any time duiing the observation, d. Con'esponding to the shortest spacing present in our data. e. Set 
by SETJY task : Using VLA (1999.2) or Reynolds (1934-638) coefficients, f. Flux density and error from GETJY. 



Table 3. Map parameters 



Figure 




m> 


at 


Band Center (MHz)t 


1272 


616 


332 


Synthesized Beam" 


15.8" X 12.4" @25° 


17.9" X 11.7"@41° 


15.9" X 12.0" @14° 


Restoring Beam'' 


15" 


15" 


15" 


UV-taperAVeighting 


20 kA/NA 


20 kA/NA 


16 kA/UN 


RMS noise (mjy bcam~^) 


0.3 


0.6 


1.0 


Figure 


m 


[Sjcontour 


EJleft grey = 


Band Center (GHz)t 


1.27 


1.27 


4.8 


Synthesized Beam" 


50.9" X 36"@11° 


4.06" X 2"@11° 


1.5" X 0.7" @55° 


Restoring Beam' 


45" 


3" 


3" 


UV-taperAVeighting 


5 kA/NA 


None/UN 


None/UN 


RMS noise (mJy beam~^) 


0.6 


0.08 


0.04 



fAU maps are stoke I and corrected for the shape of the GMRT primary beam. 
NA-Natural weighting, UN-Uniform weighting. 

Final bandwidth for analysis after editing is about ~ 12.5 MHz at each frequency. 

a. Synthesized beam for a deconvolution, position angle with respect to the major axis is given in degree. 

b. Restoring beam is a circular Gaussian with PA=0 degree, and the area is approximated to the 
devoncolving beam area in square arcsec = 1.13 * Pmaj X Pmin- 

c. Map using the VLA archival data. 



(ii) All our total intensity maps show the compact bright nucleus, 
centred at, RA= OQ'MS^SS.Te" ; DEC= -31°ll'26.60" (J2000). 
The uncertainties in RA and DEC are ^ 0.03" and ~ 0.4 arc- 
sec, resp ectively. The radi o peak position coinc ides with the values 
given bv lHan et alj il999l) . lMen & Haij ^20051) and also the optical 
centre (see Table[TJ. At first glance, the intense unresolved nucleus 
at 15 arcsec resolution (Fig[T} appears like an AGN. 

(iii) The radio continuum emission associated with both the spiral 
arms is clearly detected in all the maps shown in Fig[T] There is 
an intense ridge of emission along the northern spiral arm as com- 
pared to the southern arm. 

(iv) No radio emission is detected in the northern part of the 
southern spiral arm near the region at RA=9''45'"32.8^ DEC= 
—31° 10' (labelled as 'GAP' in Fig.[T^). This region is bluer in the 
optical image, suggesting a young star forming complex. This gap 
has also been noted in the VLA total intensity maps at A20, 18, 6 
cm and in the polarized intensity maps at A6 and 13 cm dHan et al] 
ll999l;lMen&Hanll2005l) . 



(v) A bright compact source (component 2) is seen in all our maps 
of NGC 2997 at RA= 09''45'"39.6^ DEC= -31°08'51.l", in 
the north of the galaxy. No discrete optical counterpart is seen for 
this source. 

(vi) All the maps in FigQ] show an intense region (component 
3) in the northern spiral arm, near RA= 09''45™45''; DEC= 
— 31°10'33". This compact region is c oincident with the giant HII 
region identified by iFirpo et ^ ( |2005|) using high resolution opti- 
cal spectra (A3726 — 7136 A). Apart from this, a prominent north- 
east discrete component (labelled as 'NE Comp.') is seen in Figs[T^ 
and[Tj3, positioned at RA=09''45'" 49.28", DEC= -31° 10'11.02" 
(J2000) and lying roughly above the northern ridge. This compo- 
nent appears to be a flat spectrum source since it is barely detected 
in the 332 MHz map (Fig.[TJ;). 

Global radio continuum properties : 

The integrated flux densities given in Table |5] are obtained by in- 
tegrating the region above 3(7 contour in the low resolution maps 
(45 arcsec). The measured spectral power ranges from ~ 7.9 x 
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Table 4. Some discrete components in the disc of NGC 2997 



Source 


Observed position 


Integrated flux densities ( 


mJy) 


Spectral index 


Comments 




al 1272 MHz 


& Peak intensities (rrr Jy beam ) at 


332-1272 MHz 






"2000 = liins ± s 














<52000 — ° ' " it" 


1272 MHz 


616 MHz 


332 MHz 






1 


on AC 1C _1_A f\ 

Uy 45 30. /o ihU.U 


38.7 ±1.6 


56.6 ±3.1 


86.3±4.0 


-0.6 


Nuclear region 




-31 11 26.60 ±0.3 


21.0 ±0.5 


28.4 ±1.2 


40.9 ±1.3 


-0.5 




2 


09 45 39.65 ±0.1 


13.7 ±24 


20.9 ±4.8 


21.0 ±4.6 


-0.31 


North source 




-31 08 51.15 ±2.1 


4.2 ±0.6 


6.9 ±1.2 


8.1 ±1.3 


-0.48 




3 


09 45 45.05 ±0.1 


16.7 ±2.1 


14.0 ±4.6 


12.04±3.6 


0.24 


HII region in northern 




-31 10 33.08 ±1.1 


6.0 ±0.6 


4.9 ±1.2 


6.5 ±1.4 


-0.06 


ann 


3.1 


09 45 45.87 ±0.3 


19.3 ±3.7 


27.0 ±5.2 


59.8±14 


-0.84 


Northern ridge 




-31 1041.19 ±2.3 


6.3 ±0.5 


6.8 ±0.9 


15.2 ±1.2 




component (~5.0 kpc by 2.1 kpc) 


4 


09 45 30.53 ±0.2 


5.3 ±2.0 


18.3 ±5.6 


22.6±4.9 


-1.08 


Nonthermal north-west 




-31 10 54.90 ±4.1 


2.1 ±0.6 


5.0 ±1.2 


8.0 ±1.3 


-0.98 


component 


5 


09 45 37.42 ±0.3 


6.1 ±2.1 


5.8 ±3.2 


15.6±5.0 


-0.69 


Component in southern arm 




-31 12 28.48 ±2.3 


2.25 ±0.5 


3.42 ±1.3 


54 ±1.3 


-0.65 




6 


09 45 48.84 ±0.2 


26.1 ±44 


13.3 ±4.1 


22.5±5.3 


0.11 


East component of 




-31 11 36.10 ±2.5 


3.9 ±0.5 


54 ±1.2 


7.3 ±1.3 


-0.45 


North-east arm 



Table 5. Global radio continuum properties of NGC 2997 



Observing band (MHz) 



332 



616 



1272 



Flux density (mJy) t 1 1 34 ± 1 1 1 

Spectral Power (lO^i W Hz^^) 24.4 ±1.7 



730 ±22 
15.7 ±0.3 



Global Spectral Index (5„ ex 332 616 ; -0.71 616 1272 : -0.94 



332 



367 ±8 
7.9 ±0.1 

-> 1272 : -0.84 



fThe reasonable error bars in flux density scale are expected to be < 10 per cent. 



10^^ W Hz- ^ at 1272 MHz to 24.4 x 10^^ W Hz^^ at 332 MHz. 
At 1.4 GHz, normal galaxies range in power from L < 1 0^^ to 



lO^-^ h"^ WHz~^ where h= //o/(100 km s"^ Mpc"^) l lCondonI 
Il992h . The global spectral index values given in Table |5] indicate 
that the spectrum flattens at the lower frequencies. The total emis- 
sion spectrum of many normal spiral galaxies with moderate sur- 
face brightness are known to show a break in the range from 0. 1 
to 1 GHz. One of the reasons for this is possibly free-free absorp- 
tion by the cool (Te < 1000 K) io nized gas filling a large frac- 
tion of the radio emitting volume jlsrael & Mahonevlll990l) . On 
the other hand, the break could be due to propag ation effects of 
relativistic electrons and subseque nt energy losses ( lHummellll99ll : 
IPohl. Schlickeiser. Hummeilll99lh 

The radio-selected samples of normal gal axies are char - 
acterized by the FIR/radio flux density ratios jCondonl Il992l) . 
iHelou etalJ ( ll985h defined the parameter g as a logarithmic mea- 
sure of the FIR/radio flux density ratio. For more general compar- 
isons, the qpiR is defi ned as qfir = log{Si,(FIR)/[S,y(rad) x 
(i^rad/1.4 GHz)"")]} jFitt et al.lll996h . where a is the radio spec- 
tral index (5*^ oc The spectral index for t he observed GM RT 
data is -0.79 ±0.07. From the IRAS surveys jFitt et al.|[T996h at 
60 and 100 /im the flux densities of NGC 2997 are 32.28 and 
85.14 Jy, respectively. Using the IRAS FIR flux density measure- 
ments and integrated flux densities measured with the GMRT, the 
derived gpia parameter is ~ 2.19 ± 0.03, which is close to the me- 
dian for spiral ga laxies at 1.4 GHz, i.e. qpia ~ 2.30 with the rms 
scatter (jg < 0. 2 l lCondon & BroderickligSStlCondon et al.ll991bl : 
iHelou etaUl 19851) . The spectral power and FIR/radio flux density 



ratio found at our observing frequencies confirms that NGC 2997 
is a normal spiral galaxy. 



4 DISCUSSION 

4.1 The observed radio spectrum & SFR 

Integrated flux densities of NGC 2997 obtained using the 
GMRT and other published data from 0.33 to 8.46 GHz are listed 
in Table|6] A single power law (S^ <x v°') with a = -0.92 ±0.04 
gives the best-fitting to the radio spectrum from 0.33 to 5 GHz (Fig . 
O. A value of Q = -1.10 ± 0.07 is quoted bv lMen & Had j200a) 
for the radio spectrum from 1.43 to 8.46 GHz. lNiklas et al.l ( fT997h 
analysed the radio continuum spectra of 74 galaxies to separate the 
thermal and the non-thermal radio emission. The mean value ob- 
tained for non-thermal spectral index is {ant) ~ —0.83 ± 0.02. 
They also studied the correlation of the morphological type and 
non-thermal spectral index and found that spiral galaxies of type 
Sc show a„t to be in the range of —0.8 to —1.05. Spectral index of 
NGC 2997 which is a Sc galaxy lies in the above range. The flat- 
ter spectrum a = -0.79 ± 0.07 for the GMRT data at the lower 
frequencies compared to the wide band spectral index value could 
suggest a break in the spectrum atv < 1 GHz. However the change 
in a is only ~ 2a and needs to be confirmed with data at still lower 

u. 

ICondon & Yii] ( Il990l) estimated a global thermal frac- 
tion for most of the normal galaxies, as : S/Sth ~ 1 + 



10 I 



\(o.i- 



GHz 



where S is the total flux density, and Sth is 



the flux density due to the thermal component. Taking, a„ 
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—0.79, thermal fractions derived at 1272, 616 and 332 MHz are 
~ 10, 6 and 4 per cent respectively of the measured total flux den- 
sity value at each observing band. The derived thermal fraction at 
1 .2 GHz agrees with the o btained mean value of thermal fraction at 
1 GHz for 74 galaxies bv lNiklas et all ( 1 19971) which is ( = 
0.08 ±0.01. The averag e thermal fraction at 1 .4 GHz in norm al 
galaxies is < 10 per cent ( lKennicutllll983bl ; ICondon & Yidll990l) . 

The standard method applied here to derive the thermal frac- 
tion using the constant non-thermal spectral index is simplistic. 
iTabatabaei et alj ( l2007bl) derived the thermal radio continuum in 
the galaxy M33 from the extinction corrected H^ map instead of 
using a constant a„t across the galaxy. They find that the thermal 
fraction of M33 at 3.6 cm using the new method is 23 ± 14 per cent 
lower tha n found by assuming a c onstant a„t across the galaxy. 
However, ITabatabaei et al.l ( l2007bh note that the thermal fraction 
derived from the radio integrated spectrum of M33 using the stan- 
dard method and the new method agree. Hence, assumption of a 
constant non-thermal spectral index to derive the thermal fraction 
is reasonable when the integrated spectrum is used. 

Considering the small value of the thermal fraction in the to- 
tal emission of NGC 2997 at low frequencies, we assume that the 
spectral power given in Table|5]is mostly non-thermal. We estimate 
the super nova rate (yr~^) in N GC 2997 from the non-thermal lu- 
minosity i lCondon&Yii]| 19901) . The estimated supernova rate for 
the disc and nuclear region is about ~ 0.08 and ~ 0.01 yr~^ re- 
spectively. In order to compare the SN rate per kpc^, we assumed 
a diameter ~ 1.3 and ~ 24.5 kpc for the nucleus and the disc re- 
spectively. The SN rate per kpc^ for the nucleus and the whole disc 
is about ~ 8 X 10"^ yr"^ kpc"^ and ~ 0.14 x 10"^ yr"^ kpc"^ 
respectively. If we assume a filling factor of ~ 0.7 for the disc, the 
SN rate for the disc is about ~ 0.2 x 10~^ yr"^ kpc~^ i.e. the 
nuclear region has a SN rate which is 40 times higher than the rate 
in the disc. 

The tight correlation between the radio continuum intensi- 
ties and the FIR luminosities is known to be linear over a wide 
range in st ar formation rate f r om normal spirals to the most intense 
starbursts jLacki et al1l2010l) . IRov et al.l ( Il998i> found that Seyfert 
galaxies with radio quiet cores follow the linear radio-FIR corre- 
lation similar to normal galaxies. NGC 299 7 is a late type spi- 
ral ga laxy and having no obvious companion ( [Milliard & Marcelii] 
Il98lh . With the resultant steep spectral index a = -0.92 ± 0.04 
of NGC 2997, absence of an active nucleus (see section 4.3), and 
the observed logarithmic measure of FIR/radio flux density ratio at 
our observing frequencies, the linear correlation between FIR and 
radio emission exists in NGC 2997. For estimating various param- 
eters like average formation rate of stars more massive than 5 M0 
(SFR(M > 5M0) M0 yr"^) and the ionization rate of the Lyman 
continuum photons (s~^) given in Table [7] we assumed a simple 
model with only one free parame ter — the aver age formation rate 
of stars more massive than 5 Mq l lCondon|[T992h . 

Radio counts of you ng Galactic SNRs sugges t a radio super- 
nova rate of 0.013 yr~^ jCaswell & Lerchall979|) or Tvp e II su - 
pemova rate vsn ~ 0.023 yr~^ estimated bv lTammannI l ll982l) . 
Our data suggest that the supernova rate in NGC 2997 is a fac- 
tor of three to four times higher than that of our Galaxy. The Ly- 
man continuum photon r ate of the Galaxy is 2 x 10^^ photons s~^ 
jGusten & Mezgej|l982l) . The derived star formation rate in NGC 
2997 suggest that the galaxy is a normal galaxy with intermediate 
star formation. The derived values of star formation rate and the Ly- 
man continuum ph oton rate of NG C 2997 are less than the values 
derived for M82 bv lCondonI i ll 9921) but higher than our Galaxy. For 
M82, the star formation rate SFR(M > SM©) is ~ 2.2 M© yr"\ 



Table 6. Total flux density measurements of NGC 2997 



Frequency 


Flux density 


Reference 


GHz 


Jy 




8.460 


0.034 ±0.004 


Han etal. (1999)" 


5.010 


0.092 ±0.010 


Whiteoak(1970) 


4.860 


0.067 ±0.011 


Han et 31.(1999)" 


4.850 


0.141 ±0.014 


Wriahtetal. (1996) 


2.373 


0.160 ±0.010 


Han etal. (1999) 


1.543 


0.255 ±0.020 


Han etal. (1999) 


1.490 


0.290 


Condon (1987) 


1.400 


0.235 ±0.010 


Condon etal. (1998) 


1.272 


0.367 ±0.008 


This paper 


0.616 


0.730 ±0.022 


This paper 


0.332 


1.134 ±0.111 


This paper 



a.Lower limits, because of missing spacing problems, not included in fit in 
FiglU 



0.1 





Power Law fit 

Data ' — ■ — ' 











0.16 0.4 1 2.5 6.25 

Frequency (GHz) 

Figure 3. The total emission spectra of NGC 2997. In addition to our three 
GMRT data points, the data given in Table [6] are also plotted. The dashed 
line is the best least-squares fitting to the data with a power law index a = 
-0.92 ±0.04 

the ionization rate is Nu v 8 x 10^'^ and the radio supernova 
rate is vsn ^ 0.1 yr'^ ( ICondoiJll992l) . 

4.2 Spectral index (SI) distribution 

The spectral index {Sv oc u°') distribution across the galaxy 
was determined by using total intensity maps of identical beamsize 
at 1272 and 332 MHz respectively. Both the maps were convolved 
with a circular Gaussian beam of 18 arcsec in size and all points be- 
low 3(T level were blanked out. Spectral index map (ai.27,0.33) was 
then derived using the COMB task in AIPS. The SI map between 
1272 and 332 MHz is shown as a grey scale image in Fig|4](left) 
with the 1272 MHz radio contour map superimposed on it. The 
uncertainty for the measured SI map is shown in the right panel of 
FigEl The spectral index measured over most of the disc shows un- 
certainty in the range of 0.05 to 0.25. The uncertainty map (Fig|4] 
right) shows intense regions (i.e. high S/N) having error < 0.15 
whereas uncertainty increases in the fainter parts of the galaxy. 
Strong features registered with position errors of the order of 3 to 4 



Table 7. Estimated parameters for NGC 2997 





Disc 


Nuclear region 


1. Star-formationrate (Mqyf ^) 


1.9 


0.2 


2. The ionization rate (10^^ s~^) 


6.7 


0.8 


3 . The supernova rate (yr ~ ^ ) 


0.08 


0.01 
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RIGHT ASCENSION (J2000) 



4S 50 45 40 35 30 25 

RIGHT ASCENSION (J2000} 



Figure 4. Left panel shows grey-scale spectral index image (qi. 27. 0.33) between 1272 and 332 MHz and right panel shows the image of spectral index 
uncertainty. The radio contour map at 1272 MHz superimposed on the grey-scale spectral index image with contours (-3, 3, 6, 12, 24)x cr level. The rms cr is 
0.5 mJy per beam area and the nucleus is the brightest region of the galaxy. All images in this figure ai'e restored with a beamsize of 18 arcsec, the beamsize 
is indicated at the BLC. 



arcsec in total intensity maps can make larger changes in the spec- 
tral index measurements. The errors in RA and DEC in our total 
intensity maps are ~ ±0.22° and ~ ±2 arcsec, respectively. 

The SI map in Fig. |4] shows that the radio spectrum is flat- 
ter in nature wherever brightness peaks such as intense spiral arms 
and nucleus exist, whereas radio spectrum of the outer parts of spi- 
ral arms show steeper spectrum. The radio emission from normal 
galaxies is known to be closely related to the population of young 
massive main sequence stars which ionizes the HII regions caus- 
ing the free free thermal radio emission. The supernova explosions 
of these young massive stars accelerate the relativistic electrons 
causing the non-thermal synchrotron emission. As the spectral in- 
dices of Galactic supernovae remnants (SNRs) are known to show 
a broad range (— 0.2 < a < —0.8) with a mean value of ~ —0.5 
( lTrushkin|[l99^ and considering that the thermal fraction of the 
observed total flux densities at low frequencies is less than 10 per 
cent, the relative flatter spectral index regions in spiral arms could 
suggest direct contribution of non-thermal emission by SNRs. The 
spectral index value which increases up to ~ —1.2 ± 0.2 in the 
outer parts of the spiral arms indicates the energy losses of the rela- 
tivistic electrons while they diffuse away out of their place of origin 
in star forming regions. 

We measured a spectral index —0.6 ±0.04 for the nucleus by 
a single power law fit to the flux densities listed in Table |4] (source 
1). This is consistent with the mean spectral index value of the nu- 
cleus in the SI map shown in Fig|4](ai,27,o.33 ~ —0.62 ± 0.1). A 
relatively flatter spectral index of the nuclear region might be due 
to a younger population of particles, due to the thermal contribution 
by ionized gas in massive-star clusters and SNR. 

The spatial spectral index for the ridge-component in the 



northern spiral arm varies from —0.78 < ai.; 



-0.46. 



The source 3 in the ridge-component (FigE] left) is a giant HII re- 
gion an d the core source in this region is classified as a thermal 
source jFirpo et al1l2005h . The spectral index value for source 3 is 
~ —0.06 (see Table|4ll and confirms the thermal nature of emission. 



4.3 The circumnuclear ring 

We detect a strong nuclear source in NGC 2997 at all the 
wavebands which is resolved into a circumnuclear starforming ring 
in our high resolution 1272 MHz image. NGC 2997 is an interme- 
diate type SAB(rs)c galaxy with several hotspots. The circumnu- 
clear star forming ring has been observe d in the optical and NIR 
jMaoz et al .ll996| - |Elmegreen et al.ll999l) . Circumnuclear rings are 
observed in 20 per cent of all spiral galaxies and mo stly occur in 
ban'ed galaxies ('Knapen"2005|). Observational studies jAllard et al.l 
,2005; Boker et a l. 2008) show that the circumnuclear ring can arise 
due to the bar driven radial inflow of magnetized gas materials 
which gets accumulated in a ring near the location of inner Lind- 
bland resonances. There are two models which explain the star 
formation in circumnuclear ring s : (i) in the gr avitational insta- 
bility or "popcorn" (EliTiegree n| Il994t iBoker et al. 2008 ) model, 
star formation is driven by stochastic gravitational fragmentation 
along the ring whe re the star forming re gions have a regularly 
spaced distribution jElmegreen et al.iri999l) . (ii) in the "pearls on a 
string" model, the gas along the bar that flows into the ring is com- 
pressed near the contact points. Star formation is then triggered in 
these over density contact regions. Observationally an age gradi- 
ent in the star for ming regions is seen along either half of the ring 
jAllard etal .1200 5: Boker et al. 2008). 

We made a high resolution image at 1.27 GHz using robust 
weighting of —5 in the task IMAGR. The resulting angular reso- 
lution of 3 arcsec (~ 200 pc) resolved the circumnuclear ring (see 
Fig|5]l into five star-forming clumps i.e. hotspots. We measured the 
position, peak intensity and integrated flux-density of each hotspot 
by fitting a Gaussian using the task JMFIT in AIPS. The position 
for each component is listed using seconds of RA and arcsec of 
DEC in Tabled The observed luminosity for the individual hotspot 
is between 0.16 to 1.58 x 10^° WHz-^ at 20 cm band with a 200 
pc resolution. We also calibrated and imaged VLA archival data of 
this galaxy at 4.8 GHz. The resulting image shown as grey scale 
in Fig|5](left) also detects the circumnuclear ring coincident with 
the 1.27 GHz ring. Fig|5] (right) shows the 1.27 GH z radio con- 
tour map overlaid on HST V band gray-scale image jMaoz et"al] 
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Fig.5 left: Contour levels are at 0.24, 0.4, 0.56, 0.72, 0.88, 
1.04, 1.2, 1.36 mjy beam^^, the peak brightness is 1.39 
mjy beam~^ 




39.0 38.8 38.6 38.4 
RIGHT ASCENSION (J2000) 



Fig.5 right: Contour levels are at 0.72, 0.84, 0.96, 
1.2, 1.32 mjybcam^^, the peak brightness is 
mjy beam"^ 



1.07, 
1.39 



Figure 5. The GMRT radio contour map of the nuclear region at 1 .27 GHz with an angular resolution of 3 X 3 arcsec^ overlaid on (left) gray-scale archival 
VLA 4.8 GHz C band linage ( restored with a beamsize 3x3 arcsec^ , PA= 0° ) and (right) gray-scale HST archival V band 2300A image (Courtesy, 
iMaoz etalJh996l) : resolution ~ 0.05 arcsec,PA= 84.30°). 



Table 8. Radio hotspots in the circumnuclear region of NGC 2997 



Hotspot 


Po.sition (J2000) 


Deconvolved angular 


Peak Intensity 


Integrated 


Radio luminosity 




RA (sec), DEC (arcscc) 


size (arcsec^ PA) 


(mJy beam ^) 


tliix density (mJy) 


( 10^" W Hz~l) 


a 


38.37,31.01 


1.7 X 1.3 ei67° 


0.61 


0.77 ±0.17 


0.16 


b 


38.32,25.77 


7.5 X 5.0 e 88° 


1.34 


7.0 ±0.5 


1.52 


c 


38.78,22.31 


12.5 X 4.0 e 76° 


0.77 


5.0 ±0.6 


1.17 


d 


39.12,25.00 


7.7 X 2.1 @122° 


0.96 


3.27 ±0.3 


0.7 


e 


39.02,30.86 


9.4 X 4.0 @71 ° 


1.34 


7.36 ±0.5 


1.58 



Il996h . The radio ring is coincident but more extensive than the ob- 
served structure of the ring in the V band. This is likely to be due to 
the lower angular resolution at radio wavelengths and partly proba- 
bly du e to extinction at optical wavelengths which lElmegreen et al.l 
( 1 19991) estimate to be about 3 magnitudes in the vicinity of the 
ring. The morphological structure of the circumnuclear region in 
our 1.27 GHz radio contour map is similar t o the contour maps 
of rela tive intensities in V band published by iMeabum & TerrettI 
( Il982l) using the SAAO 1.9-m reflector. 

Our radio contour map and the gray-scale images in the UV 
(2300 A) and radio (4.8 GHz) band shown in Fig|5] indicate that 
there is no detectable radio continuum emission from the central 
part of the nucleus, confir ming that th e re is n o radio-loud AGN in 
the center of this galaxy. iMaoz et al] ( 1 19961) observed circumnu- 
clear rings in five barred or weakly barred spiral galaxies of type 
Sc (including NGC 2997) and none of the rings hosted an AGN at 
its centre. The quiescent phase of the nucleu s was also noted in the 
detailed study of the NGC 2997 nucleus by I Walsh et ahl ( Il986l) . A 
large number of hotspots are observed on a complete circumnuclear 
ring of NGC 2997 at NIR jElmegreen etal]|l999l) whereas only 
three northern star-forming regions are visible in the V band image. 
We note that the intense NIR hotspots located in the northern part 
of the ring correlate with the radio hotspots. Weak radio emission 
is detected from the southern parts of the ring although hotspots 
are not distinguishable. The faint emission alo ng the southern half 
of the ring is seen in UV dMaoz et al.[ 19961) . U dMeabum & Terretl] 
Il982h band image. Faint southern hotspots are also seen in NIR 
ring which lElmegreen et al.l d 19991) attribute to the heavy dust ex- 



tinction since the southern hotspots are being observed through the 
dust lanes. A slight offset between the optical and radio positions 
of the hotspots are observed. This could be attributed to the poor 
angular resolution of the radio data (~ 3 arcsec) as compared to 
the excellent resolution of the optical data {^^ 0.05 arcsec) and dust 
extinction near the star forming peaks. 

The circumnuclear ring that we detect in radio has a decon- 
volved diameter of 11.6 ± 0.08 arcsec i.e. ~ 750 pc. The sepa- 
ration between the hotspots ranges from ~ 190 to 370 pc. This is 
comparable to the NIR where the diameter of the ring is ~ 570 

S IC (~ 8.7 arcsec) and t he spacings between hotspots is ^ 200 pc 
Elmegreen et al.lll999l) . This is typical of the circumnuclear rings 
detected in other galaxies. The average size of the nucleus from the 
photometric and morphological analysis of the galaxies wi th pecu- 
liar nuclei is quoted to be less than 800 pc jPastorizalll975h . 

We compared the circumnuclea r ring (CNR) in NGC 2997 to 
the w e ll studied CNR in NGC 1097 jWalsh et aljl98^ : iBarth et al.l 
1 19951 : iBeck et alj 1 19991 : ISandstrom et al.l |2010|). The C NR of 
NGC 1097 has ~ 1.5 kpc diameter jBeck et al] |2005|) and a 
LINER/Seyfert 1 AGN at its centre. Three prominent radio hotspots 
are seen at 3.5 cm in NGC 1097 jBeck et al]|2005l) whereas four 
bright and one faint hotspots are observed in NGC 2997 at 20 cm 
(see Fig|5]l. No azimuthal age gradient is seen i n massive stars of 
both the rings with ages less than 10^ to 10^ y rs jMaoz et al.ll996l : 
lElmegreenetal.lll999l J Sand s trom et al. 2010) and bot h rings show 
regul a r distribution of h otspots (Barth et al. 1995 ; Elmegreen et al.l 
ll999l : lBecketal]|2005h which lend s support to the gravitational 
instability model jElmegreCTl 1 1 9941) for the star formation in the 
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CNR. The CNR in NGC 1097 is formed due to tlie gas driven by bar 
potential. Various observational studies show that NGC 2997 does 
not p ossess either a prominent large scale bar or an active nucleus 
JWalsh et al. 1986; Maoz et al. 1996), hence unlike NGC 1097 gas 
accumulation in the CNR of NGC 2997 is unclear. However, Fast 
Magnetohydrodynamic Density Waves (FM DWs) at the mo d ified 
inner Lindbland resonance (mILR) model jLou et al.l I2OO2I : IlouI 
l2003h can explain the formation of CNR in NGC 2997. 

We estimate an equipartition field in the central nuclear region 
of diameter ~ 750 pc to be abo ut 30 jiG. This is similar to the field 
strength of 34 fiG estimated bv lHanetalJ ( ll999l) for the central re- 
gi onof NGC 2997 an d 40 fiG estimated for the CNR in NGC 1097 
bv lBeck et al] i ll 9991) . The equipartion field for the radio hotspots 
in NGC 2997 ranges from 30 to 50 /iG. We estimate a disc field 
of~ 4 ^G for NGC 2997. 

We compared the luminosity of radio hotspots in circumnu- 
clear region of NGC 2997 with the circumnuclear radio hotspots 
in other galaxies such as NGC 253, 1365 and 18 08. NGC 253 is a 
nearby (d ^ 2.5 Mpc) starburst galaxy, in which lUlvestadI 1 I2OOOI) 
detected 22 compact circumnuclear sources at 20 cm with ~ 28 pc 
resolution. The detected circumnuclear so urces of NGC 253 h ave 
typical radio power of 2 x 10^* W Hz" ^ Stevens et al.l j 19991) de- 
tected seven hotspots in the circumnuclear region of NGC 1365 at 
3 and 6 cm with a 100 pc resolution (d ~ 20 Mpc). The luminosity 
of circumnuclear hotspots for NGC 1365 at 20 cm (derived using a 
SI fro m 6 and 3 cm) r anges from ~ 0.8 to2 x 10^" WHz~\ Sim- 
ilarly, |CoUisonetaL| lllgl) detected hotspots in NGC 1808 with a 
resolution of 98 pc. The luminosity of circumnuclear hotspots in 
NGC 1808 (d ~ 9.9 Mpc) at 20 cm (derived using a SI between 6 
and 3.6 cm) ranges from ~ 0.2 to 3.8 x 10^° WHz"\ Thus, the 
average luminosity of hotspots in a CNR observed with ~ 100 
pc resolution appears to be 10^^ to a few times 10^'^WHz"^ 
at 20 cm. It is likely that the hotspots are composed of several 
2 x 10^* W Hz"^ clumps as seen in NGC 253 in addition to dif- 
fuse non-thermal emission. Assuming that the observed emission at 
1.27 GHz from the circumnuclear hotspots is mostly non-thermal 
in nature, we derived the SN rate based on ICondon & Yinl ( ll990l) 
equation. The median SN rate value for the discrete components 
in NGC 2997 ring is ~ 0.001 yr"^. The median value of average 
formation rate of stars (SFR(M ^ 5Mq) Mq yr"^) estimated for 
the hotspots is ~ 0.024 M© yr"^. 

The spectral index 04.8,1.27 of the CNR in NGC 2997 is 
~ —0.64 ± 0.1. We could not estimate the spectral index of the 
individual hotspots since these were not clearly discernible in the 
convolved 4.8 GHz map (see FigO. NGC 695 1, unlike NGC 2997, 
hosts a central AGN and has a marginally larger diameter (~ 1 kpc) 
of the CNR but both the rings show hotspots which form an almost 
complete ring. In NGC 2997, the radio ring is fainter to the south 
whereas i n NGC 6951 the ri ng appears to be broken in the north 
and south jSaikia et alj|2002h . The spectral index of the circumnu- 
clear e mission in NGC 6951 b etween 20 and 6 cm was found to be 
-0.84 jHo & Ulvestadll200lh . The radio spectrum of the hotspots 
in the CNR of other galaxies exhibit a large range in spectral index. 
For example, the CN R in NGC 613 has a spectr al index of -0.65 
between 2 and 6 cm ( iHummel & J6rsatei|[l992l) similar to NGC 
2997, whereas the spectral index of the individual compact sources 
(total 19) in the CNR of NGC 4736 exhib it spectral index ranging 
from 0.1 to -0.8 between 6 and 20 cm l lDuric & D ittmar 1988). 
Similar kind of distrib ution is also noted in the CNR of NGC 1 365 
between 3 and 6 cm bv lStevensetai] l ll999l) . Out of seven hotspots 
detected in the ring of NGC 1365, four hotspots show steep spec- 
trum and rest show flat spectram with the spectral index ranging 



from 0.04 to -0.4 l lStevens et al]|l999l) . [Stevens et alj l ll999l) at- 
tribute synchrotron emission from hotspots to electrons accelerated 
by SN and SNRs. The spectral indices of cir cumnuclear hotspots 
detected between 3.6 and 6 cm in NGC 1808 jCollison et al.ll994h 
are also consistent with them being dominated by SNR s. Utilizing a 
V band HST exposure of NGC 2997. lMaoz e"tai] ( ll996l) determined 
the numerous compact (few pc radius) sources distributed along the 
ring that are probably young (less than 10* yr) and massive (~ 10^ 
M0) clusters of stars that are gravitationally bound. 



5 SUMMARY 

We have presented high resolution radio continuum maps of 
NGC 2997 at 332, 616 and 1272 MHz. To the best of our knowl- 
edge these are the first images of the galaxy v < 1.4 GHz. The 
radio continuum features detected in our observation bands are de- 
scribed, in detail, along with the spectral index values. The best- 
fitting single power law model to the integrated radio spectrum of 
NGC 2997 gives a spectral index a = -0.92 ± 0.04. The best- 
fitting value of a = —0.79 ± 0.07 obtained using only the low- 
frequency GMRT data suggests a break in the spectrum at < 1 
GHz. We put an upper limit of 10 per cent on the thermal fraction 
at 1 GHz. 

The spectral power of NGC 2997 at our observing frequencies 
is in the range of 7.9 to 24.4 x 10^^ WHz"^ The derived loga- 
rithmic measure of FIR/radio flux density ratio, (Jpir parameter is 
~ 2.19 ± 0.03, which is near the median for spiral galaxies at 1.4 
GHz, 2.30 ( ICondon|[l992l) . The estimated values for av- 

erage star formation rate SFR(M > 5A'Iq) is 1.9 M0 yr~^, the 
supemovae rate is 0.08 yr"'^, and the production rate of the Lyman 
continuum photons is 6.7 x 10^^ s"^. The resultant logarithmic 
measure of FIR/radio flux density ratio and the intermediate aver- 
age star formation rate confirms that NGC 2997 is a normal galaxy. 

The low frequency spectral index distribution map (oi. 27, 0.33) 
of NGC 2997 shows that the radio spectrum is flatter in nature near 
brightness peaks such as in intense spiral arm regions and nucleus, 
whereas radio emission from the low surface brightness regions 
shows a steeper spectrum. The measured spectral index for the nu- 
cleus between 332 and 1272 MHz is a ~ -0.6 ± 0.04. 

The radio continuum map at 1272 MHz with an angular reso- 
lution of 3 arcsec 200 pc) reveals a circumnuclear ring structure 
with five radio hotspots. No radio continuum emission at the cen- 
tre of the galaxy is detected indicating that there is no radio-loud 
AGN. Part of the ring to the south is faint. The circumnuclear ring 
is similar to that observed at other wavebands from the galaxy and 
in other galaxies. It has a deconvolved diameter of ~ 750 pc and 
the separation between hotspots range from ~ 190 to 370 pc. We 
estimate an equipartition field in the central nuclear region of diam- 
eter ~ 750 pc to be about 30 /iG. The observed luminosity for the 
individual hotspot is about 10^" W Hz~ ^ . The median SN rate and 
average formation rate of stars SFR(Af > 5AIq) for the hotspots 
in the ring are 0.001 yr"^ and 0.024 Mq yr~^ respectively. 
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